Van der Waals heterojunctions between two-dimensional (2D) layered materials and nanomaterials of different dimensions present unprecedented opportunites for novel gate-tunable optoelectronic devices. Mixed dimension p-n heterojunction diodes, such as p-type pentacene (0D) and n-type monolayer MoS2 (2D), are especially interesting for photovoltaic applications where absorption cross-section and charge transfer processes can be tailored by rational selection from the vast library for 2D, organic, and inorganic photovoltaic materials. Here, for the first time, we study the kinetics of excited carriers in pentacene-MoS2 p-n type-II heterojunction by transient absorption sepctroscopy. We observe the dissociation of MoS2 excitons by a hole transfer to pentacene on the time scale of 6.7 ps, and a long-lived (5.1 ns) charge-separated state that is 2 to 2 60 times the recombination lifetime in previously reported n-n + 2D heterojunctions . By studying fractional amplitudes of the MoS2 decay processes we determine a 50% hole transfer yield from MoS2 to pentacene, where the remaining holes undergo ultrafast trapping due to surface defects.
As schematically shown in Figure 1a , a monolayer film of n-type MoS2 forms a van der Waals p-n heterojunction with p-type pentacene. Experimentally, a large-area monolayer MoS2 film was grown directly on quartz wafers by chemical vapor deposition (CVD) modifying the recipe reported previously (Supporting Information Section S1). 20, 21 This direct growth method yields a homogeneous surface (without further processing) for subsequent deposition of pentacene. 22 The monolayer thickness and stoichiometry of MoS2 was confirmed by atomic force microscopy (AFM), Raman microscopy, and X-ray photoelectron spectroscopy (Supporting Information Sections S1-S4). A 30 nm thick continuous pentacene film was subsequently grown by thermal evaporation in a N2 glove box to minimize ambient-induced degradation (Supporting Information Section S3). 7 AFM images show that pentacene crystallizes into approximately 500500 nm 2 grains on MoS2, even though the first few layers of pentacene do not form ordered assemblies at the MoS2 interface 22 ( Figure 1b) . Figure 1c shows the ground-state absorption spectra of the heterojunction and the isolated components of the junction. The pentacene spectrum has peaks at 584 nm, 630 nm, and 670 nm, the sum of absorptions from H-and J-aggregates, charge transfer states, and associated vibrational sidebands. 23 The MoS2 spectrum includes the B and A excitons of monolayer MoS2 at 605 nm and 648 nm, respectively. These peaks shift to lower energy upon deposition of pentacene due to the spontaneous flow of electrons from MoS2 to pentacene and the formation of a depletion region.
The decrease in the bandgap of monolayer MoS2 upon removal of free electrons has also been observed by photoluminescence (PL) 24 and scanning tunneling spectroscopy. 25 The spectrum of WS2 within a van der Waals heterojunction with graphene has also exhibited a bathochromic shift of similar magnitude (13 meV) due to the formation of a depletion region near the Schottky contact. 17 Van der Waals heterojunction between MoSe2 and WS2 has also shown a bathochromic shift of 20 meV. 26 The PL spectrum of the MoS2-only monolayer upon excitation at 532 nm (Figure 1d ) is dominated by emission from the A-exciton at 654 nm, and the PL spectrum of the pentacene-only film has broad peaks at 585 nm and 680 nm. 20, 27 Within the heterojunction, the PL from the MoS2 A-exciton is quenched by 83% (Supporting Information Section S4). The quenching of the pentacene PL in the heterojunction cannot be quantified due to variations in pentacene thickness within the laser spot (~1 μm 2 ) (Figure 1b) . Figure 2 shows the two-dimensional (2D) transient absorption (TA) spectra of the heterojunction, and of the isolated MoS2 and pentacene films, after photoexcitation at 535 nm,
while Figure 3a shows these spectra at a specific pump-probe delay of 500 fs. The spectrum of the MoS2-only film is dominated by the bleaches of the B-exciton at 610 nm and the A-exciton at 650 nm (Figures 2a, 3a) . These bleaches are shifted to lower energy by 6 meV and 17 meV, respectively, from their positions in the ground-state absorption spectrum, due to photoinduced bandgap renormalization, which is the net result of competitive contributions from electronic gap shrinking (red shift) and reduction of the exciton binding energy (blue shift) upon excitation at the band-edge. 28 At later times, the MoS2-only film exhibits a hypsochromic (blue) shift of the bleach features (seen in Figure 2a and quantified in Supporting Information Figure S10 ) that is likely attributable to exciton-phonon scattering. 29, 30 The initial amplitude of the MoS2 signal depends linearly on pump fluence and the dynamics are independent of excitation power, which rules out biexciton formation and hot phonon effects in this system (Supporting Information Figure S11 ). component is consistent with previous TA studies, 30 but not with the reports of low photoluminescence quantum yield of the MoS2 monolayer of 0.4%. 39 We therefore suspect that electron trapping, which typically occurs in hundreds of picoseconds in transition metal dichalcogenides, is convolved with the radiative decay component in this kinetic trace. 35 The main features in the TA spectrum of the heterojunction are again the two bleaches of the B-exciton and A-exciton of MoS2 (at 612 nm and 666 nm, respectively) shifted further to lower energy from those in the MoS2-only TA spectrum, consistent with the ground state absorption spectrum (Figure 1c) . The hypsochromic (blue) shift of the MoS2 ground state bleach is no longer observed in the 2D TA spectra (Figure 2b) , and instead the spectrum appears to shift to lower energy at later times due to contributions from the directly excited pentacene bleach. We monitored the dynamics of the MoS2-pentacene heterojunction at 612 nm since the kinetic traces only contain signal from the MoS2 B-exciton at this wavelength. Importantly, this wavelength possesses no contribution from the pentacene excited state (see the orange dots in Figure 3b ) or from the pentacene radical cation, as confirmed by spectroelectrochemistry (Supporting Information Section S6). The dynamics of the MoS2 exciton in the heterojunction differ from those in the MoS2-only film, probed at the same wavelength, in two ways: (i) the exciton-phonon scattering component (τ3) is replaced with a 6.7 ps decay (τ2); (ii) an additional decay component of 5.1 ns (τ5) is present, Table 1 . Given the quenching of the MoS2 PL in the heterojunction, and the absence of the pentacene excited state in the TA spectra (which would form if energy transfer were occurring), we assign the 6.7 ps component to hole transfer from photoexcited n-type MoS2 to ptype pentacene and the 5.1 ns component to the recombination of this transferred hole with an excess electron in MoS2 (Figure 4b) . The hole transfer process in the pentacene-MoS2 heterojunction is at least a factor of ten slower than that within 2D-2D n-n + heterojunctions 13, 14, 18 (<400 fs). We attribute this difference in kinetics to the weaker inter-layer coupling at the structurally disordered interface between MoS2 and pentacene. 22 This charge recombination lifetime of ~5 ns is shorter than that in polymer/fullerene bulk heterojunction solar cells (20 ns-10 µs), 40 but it is 2 to 60 times longer than the lifetime of indirect excitons in planar 2D-2D MoSe2-WS2 (80 ps), 15 MoS2-MoSe2 (240 ps) 14 and MoSe2-WSe2 (1.8 ns) 16 heterojunctions.
Analysis of the fractional amplitudes of the decay components in the kinetic trace of the heterojunction allows us to estimate an overall hole transfer yield of ~50%. The fast trapping of electrons and holes 35 to surface defects (1 = 670 fs) accounts for ~48% of total exciton decay in both the MoS2-only and heterojunction samples. It has been shown previously that the amplitudes of the A-exciton and B-exciton bleaches in the MoS2-only TA spectrum do not depend on which exciton is directly excited (i.e., which sub-band the hole occupies), and the total degeneracy of both the conduction and valence bands is two, considering both excitons.
7 that the electron and hole contribute equal amplitudes to the ground state bleach of MoS2. Equal partitioning of the remaining ~50% of the bleach amplitude between electron and hole is achieved by assigning τ5 and τ4 to electron relaxation by charge recombination with the transferred hole (5 ns, 15%) and electron trapping (431 ps, 9%), respectively. Radiative recombination is a negligible contribution to bleach dynamics. With these assignments, all of the hole dynamics after the fast (1) trapping process are accounted for by hole transfer (τ2), implying that the overall yield of hole transfer in the heterojunction is 100% -48%  50%.
These results indicate that the rate of hole transfer in the pentacene-MoS2 p-n heterojunction is fast enough to out-compete all hole relaxation processes except sub-picosecond carrier trapping.
While charge transfer in n-n + 2D-2D heterojunctions competes more favorably with this ultrafast decay process, and therefore potentially leads to a higher yield of exciton dissociation than the 50% we observe for the pentacene-MoS2 p-n heterojunction, the same strong inter-layer coupling in the 2D-2D systems that enables fast charge separation also provides pathways for fast charge recombination. This faster recombination ultimately limits the ability of charge carriers to diffuse or drift away from the dissociation site, thereby limiting charge collection efficiency in a photovoltaic cell. Furthermore, the pentacene-MoS2 p-n heterojunction has a larger theoretical maximum open circuit voltage (~1.1 V from free carrier band-offset) than n-n + 2D-2D heterojunctions (0.2-0.4 V), further confirming its suitability for photovoltaic applications 13, 14 With that said, a limitation of the pentacene-MoS2 p-n heterojunction is the sub-picosecond singlet fission process in pentacene that creates two low energy triplet states and thereby eliminates the Each lifetime is an average of measurements at 6 locations on two MoS2-only films and one heterojunction film. The quantities in parentheses are the fractional amplitudes of each component. 
